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Abstract
The underlying neural mechanisms of transcranial direct current stimulation (tDCS), 
especially beyond the primary motor cortex, remain unclear. Several studies exam-
ined tDCS effects on either functional activity, neurotransmitters or behavior but few 
investigated those aspects together to reveal how the brain responds to tDCS. The 
objective is to elucidate the underlying mechanisms of tDCS using a multimodal ap-
proach that extends from behavioral to neurotransmitter levels of explanation. Thirty-
two healthy participants performed an auditory dichotic listening task at two visits, 
one session with sham and one session with real tDCS (2 mA) while simultaneously 
undergoing functional magnetic resonance imaging (fMRI). The anode and cathode 
were placed over the left temporo-parietal cortex (TPC) and dorsolateral prefrontal 
cortex, respectively. Before and after simultaneous dichotic listening/fMRI/tDCS, 
combined glutamate and glutamine (Glx) and myo-inositol levels were assessed in 
the stimulated areas. While fMRI and dichotic listening showed expected functional 
activity and behavioral effects, neither method demonstrated differences between 
real and sham stimulation. Glx only showed a statistical trend towards higher levels 
after real tDCS in both stimulated brain areas. There were no significant correlations 
between behavior and Glx. Despite a reasonable sample size, electrical field strength, 
and replication of behavioral and functional activity results, tDCS had little to no 
effect on dichotic listening, Glx, and functional activity. The study emphasizes that 
findings about the underlying neural mechanisms of the primary motor cortex cannot 
simply be generalized to other brain areas. Particularly, the TPC might be less sensi-
tive to tDCS. Moreover, the study demonstrates the general feasibility of multimodal 
approaches.
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1 |  INTRODUCTION
Despite substantial progress, the underlying neural mecha-
nisms of transcranial direct current stimulation (tDCS) are 
still not well understood. In humans, the effects of tDCS are 
typically studied with respect to behavior (Ditye, Jacobson, 
Walsh, & Lavidor,  2012; Westwood, Olson, Miall, Nappo, 
& Romani,  2017), brain activity (assessed with functional 
magnetic resonance imaging, fMRI) (Antal et  al.,  2012) 
and neurotransmitters/neurometabolites (Kim, Stephenson, 
Morris, & Jackson, 2014; Stagg et al., 2009). For instance, 
several studies investigated tDCS effects on gamma-amino-
butyric acid (GABA) and glutamate, the main inhibitory and 
excitatory neurotransmitters, respectively. Some reported an 
increase of Glx (glutamate + glutamine) levels after anodal 
stimulation (Clark, Coffman, Trumbo, & Gasparovic, 2011; 
Hunter et al., 2015) and a Glx decrease after cathodal stimu-
lation (Stagg et al., 2009). However, there are also null find-
ings on glutamate or Glx (Antonenko et  al.,  2017; Dwyer 
et  al.,  2018; Kim et  al.,  2014). Another study found a sig-
nificant increase in myo-inositol under the anode (Rango 
et  al.,  2008). Myo-inositol is a carbocyclic sugar, derived 
from glucose and involved in signal transmission in the 
brain. Others have examined tDCS effects on fMRI measures 
in motor or cognitive tasks. For example, Antal, Polania, 
Schmidt-Samoa, Dechent, & Paulus (2011) found a signifi-
cant decrease of the blood oxygen level-dependent signal in 
the supplementary motor cortex when participants performed 
a finger-tapping task and were stimulated with anodal tDCS 
over the primary motor cortex. Weber, Messing, Rao, Detre, 
& Thompson-Schill (2014) reported changes in brain con-
nectivity, as assessed with fMRI, due to tDCS during a risk 
assessment paradigm.
However, few studies looked at tDCS effects on behav-
ior, brain activity and neurotransmitters together, although 
such a multimodal, neuroscientific approach may be more 
promising to reveal the associations between different as-
pects of brain functioning (Hunter, Coffman, Trumbo, & 
Clark,  2013; Tremblay et  al.,  2014). For instance, partic-
ipants in Antonenko et  al. (2017) received tDCS over the 
sensorimotor cortex during resting-state fMRI and GABA 
levels were measured before and after. The results showed 
reduced GABA levels after anodal tDCS compared to sham. 
Another study by the same group found that both anodal and 
cathodal tDCS decreased GABA levels and increased senso-
rimotor network connectivity and the tDCS induced changes 
in GABA levels correlated with the simulation of the tDCS 
electric field strength (Antonenko et al., 2019).
Studies investigating the underlying mechanisms of tDCS 
often focus on stimulation of the primary sensory/motor cor-
tex (Antal et  al.,  2011, 2012; Antonenko et al., 2019; Kim 
et al., 2014; Stagg et al., 2009). We aimed to extend that work 
and examined the left dorsolateral prefrontal cortex (DLPFC) 
and left temporo-parietal cortex (TPC) with respect to tDCS 
effects on behavior, neurotransmitter levels and functional 
brain activity—within the same study. We chose those two 
brain areas to test a model that seeks to explain auditory hal-
lucinations in patients with schizophrenia by assuming that 
hyperactive temporo-parietal areas give rise to auditory hal-
lucinations and hypoactive prefrontal areas limit an individ-
ual's capacity to control the hallucinations (Hugdahl, 2009, 
2015). Tentative evidence for the model comes from treat-
ment studies where anodal tDCS over the prefrontal areas 
(with a supposedly excitatory effect) and cathodal stimu-
lation of temporal areas (with a supposedly inhibitory ef-
fect) reduced hallucinations in patients with schizophrenia 
(Brunelin et al., 2012).
We aimed to test the model in healthy individuals using the 
Bergen dichotic listening task, in which simple speech sounds 
are presented to the left and right ear (Hugdahl et al., 2009). 
It was chosen because it is a reliable and well-established 
behavioral paradigm that involves both the DLPFC and the 
TPC, as revealed by functional neuroimaging (Westerhausen, 
Kompus, & Hugdahl, 2014). Behaviorally, it produces a right 
ear advantage that is modulated by participants' attention 
(Hugdahl,  2004). This right ear advantage and attentional 
modulation are typically reduced in schizophrenia patients 
(Hugdahl et al., 2013; Ocklenburg, Westerhausen, Hirnstein, 
& Hugdahl,  2013). Thus, by placing the excitatory anode 
over the TPC and the inhibitory cathode over the DLPFC 
in healthy individuals, we intended to “mimic” the reduced 
right ear advantage/generally fewer correct responses and the 
corresponding hypertemporal/hypofrontal activity pattern in 
schizophrenia patients as a test for the model.
More specifically, we hypothesized that excitatory, an-
odal stimulation of the left TPC and inhibitory, cathodal 
stimulation of the left DLPFC would lead to higher and 
lower levels of Glx, respectively. Functional brain activity 
would increase in the left TPC due to anodal excitation and 
Glx increase, and decrease in the left DLPFC, during tDCS 
as compared to sham. The right ear advantage would be 
reduced due to interference caused by increased Glx levels 
and reduced Glx levels in the left TPC and DLPFC, respec-
tively. Based on findings showing Glx increase under the 
anode and decrease under the cathode (Clark et al., 2011; 
Stagg et al., 2009), we predicted that Glx in the left DLPFC 
K E Y W O R D S
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(cathode) should be correlated negatively with a stronger, 
more focal electric field. In turn, Glx concentrations in the 
left TPC (anode) should be correlated positively with a 
stronger and focal electric field.
2 |  METHODS
2.1 | Participants
Initially, 38 participants were recruited via flyers and word-
of-mouth at the Haukeland University Hospital, Bergen, 
Norway. Exclusion criteria were past/present neurological 
or psychological disorders, head trauma, metallic implants, 
epilepsy in first degree relatives, pregnancy, claustrophobia, 
acute consumption of drugs or alcohol at time of testing, and 
severe skin diseases in the area of the electrode placement. 
Six participants had to be removed from the analysis due 
to incomplete data (n = 1), insufficient magnetic resonance 
spectroscopy (MRS) quality, (n = 4) and incorrect stimula-
tion protocol (n = 1).
The mean age of the remaining 32 participants (18 
male/14 female) was 26  ±  4.8  years (range  =  20–39). 
Participants had a mean of 16 ± 2 years of education. All 
participants were screened for hearing deficits and could 
detect frequencies between 250 and 3,000 Hz at an intensity 
of <20 dB. Further, none of the participants had an interau-
ral acuity difference of more than 10 dB (see also Hirnstein, 
Hugdahl, & Hausmann,  2014; Hirnstein, Westerhausen, 
Korsnes, & Hugdahl,  2013). All participants gave writ-
ten informed consent in accordance with the Declaration 
of Helsinki and were reimbursed for their participation. 
The study was approved by the Regional Committee for 
Medical Research Ethics in Western Norway (REK Vest) 
# 2013/2342.
2.2 | Procedure
The dichotic listening paradigm was carried out during 
fMRI to assess tDCS effects on functional brain activ-
ity. Moreover, immediately before and after simultane-
ous tDCS/fMRI/dichotic listening, participants underwent 
MRS to measure glutamate. Finally, we took inter-indi-
vidual differences in electric field parameters into account 
through simulation of tDCS effects based on structural MR 
scans.
A reporting checklist with an overview of the study's de-
sign, following the recommendations by Buch et al. (2017), 
is provided in the Appendix S1. Participants were tested 
twice, once with real and once with sham stimulation in a 
counter-balanced double-blind design. Fifteen participants 
received real, 17 sham tDCS in the first session. The real and 
sham tDCS sessions were separated by 8.4 ± 3.2 days on av-
erage (range: 4–16 days).
Only at the first session, participants provided in-
formed consent and completed the hearing test as well 
as the dichotic listening task practice trials. In both ses-
sions, they completed questionnaires concerning tDCS 
and MR safety, and electrode positions for tDCS were lo-
cated with EEG caps (EASYCAP GmbH), based on the 
10/20 system (Figure 1a), before entering the MR scanner. 
Rectangular, MR compatible tDCS electrodes made of rub-
ber (5 cm × 7 cm) were used. The cathode and anode were 
placed over AF3 (left DLPFC) and CP5 (left TPC), respec-
tively. Electrodes were coated with conductive paste Ten20 
(Weaver and Company) and a 9  mg/ml NaCl solution to 
decrease impedance and attached to the scalp via a rub-
ber band. Impedance was kept below 14.2 kΩ, which was 
tested outside the MR scanner.
After the impedance check, participants entered the 
GE 750 3T Scanner. In both sessions, the MR sequences 
F I G U R E  1  Electrode Montage and Experimental setup of one visit. Panel a) The cathode (blue) was placed over AF3 and the anode (red) 
over CP5. Panel b) Participants completed a dichotic listening task while undergoing simultaneous tDCS/fMRI. Before and afterwards, MR 
spectroscopy was performed in both stimulated areas. T1 was a structural scan that was used for modelling the electric field. At the end, participants 
completed an adverse effects questionnaire. Each participant visited twice, receiving once sham and once real tDCS.
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were completed in the order as described below (see also 
Figure 1b). For all details regarding MR acquisition, quality 
control and hardware/software, please see Appendix S1.
2.2.1 | Structural MRI
After a localizer sequence, participants underwent a struc-
tural anatomical image 3D T1-weighted fast-spoiled gradient 
F I G U R E  2  MR spectroscopy setup 
and results. Panel a) Voxel placement 
during MRS acquisition of the DLPC and 
TPC (sagittal and axial view) from one 
participant (in orange) and the simulated 
peak activation, threshold at 0.48 V/m for 
the illustration, as a group average (in blue). 
Panel b) Typical successfully acquired MRS 
spectrum as given by LCModel. The black 
line denotes the measured data, the red line 
the model. Concentration estimates for the 
different neurotransmitters are given in the 
right-hand box. Panel c) Trend towards 
increased Glx levels after real tDCS as 
compared to sham tDCS. Vertical bars 
denote 95% confidence intervals
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sequence. The structural MR scan was carried out first for 
placing the voxels for the subsequent MRS and allowed elec-
tric field parameter simulations.
2.2.2 | MR spectroscopy
The structural scan was followed by two single-voxel point 
resolved spectroscopy (PRESS) sequences. Two voxels were 
placed, based on the T1 images, in the left DLPFC and the 
left TPC (Figure 2a). After the simultaneous tDCS/fMRI/di-
chotic listening sequence, MRS was performed again in both 
voxels. The voxel order was identical before and after the 
simultaneous tDCS/fMRI/dichotic listening sequence. In the 
second session, voxel order was reversed. Seventeen partici-
pants began with the left TPC, and 15 participants began with 
left DLPFC in the first session. The order was randomized, 
meaning, seven participants who began with the left TPC 
started with real and 10 started with sham. For the DLPFC, 
eight participants started with real and seven participants 
started with sham.
2.2.3 | tDCS
After MRS, the electrode cables were connected to the inner 
box and stimulation began. Codes were used to ensure dou-
ble-blinding. tDCS lasted 20 min (+30 s ramp up and 30 s 
ramp down) at 2 mA (current density = 0.057 mA/cm) from 
an MR compatible DC-Stimulator Plus (neuroConn GmbH). 
Sham tDCS was delivered for 40 s, followed by very weak 
pulses of 110 µA lasting 15 ms, provided every 550 ms as an 
impedance check.
2.2.4 | Dichotic listening fMRI paradigm
During tDCS, participants completed a dichotic listening 
paradigm that was adapted to fMRI. It lasted 16 min and 
began 3.5  min after tDCS had started to ensure the left 
TPC and DLPFC had already been stimulated for a while 
(Figure  1b). In each dichotic listening trial, two out of 
six different syllables (/ba/,/da/,/ga/,/pa/,/ta/ and/ka/) are 
presented simultaneously, one to each ear. For example,/
ba/ to the left ear and/ka/ to the right ear. Homonyms 
(e.g., /ba/-/ba/) were not included, leaving 30 possible 
syllable combinations. Participants completed these 30 
trials twice, in three different conditions: In the non-
forced condition, participants were instructed to verbally 
report the syllable they heard best and most clearly. In 
the forced-left and forced-right condition, they were in-
structed to specifically report the stimulus from the left 
and right ear, respectively. Verbal responses were scored 
and recorded during scanning as a measure of behavioral 
data.
The dichotic listening paradigm was carried out in a 
block design during fMRI acquisition, using an echo-pla-
nar imaging sequence. The paradigm had 270 volumes in 
total, distributed across 25 blocks (seven resting blocks + six 
non-forced +  six forced-right +  six forced-left). The block 
order was pseudo-randomized. Each block consisted of 10 
trials, resulting in 180 dichotic listening volumes/trials and 
70 resting volumes (Hugdahl & Andersson, 1986; Hugdahl 
et  al.,  2009; Thomsen, Rimol, Ersland, & Hugdahl,  2004). 
A silent gap, a delay until the following scan, was provided 
after each volume for presenting the stimuli and for recording 
the verbal responses from the dichotic listening task (van den 
Noort, Specht, Rimol, Ersland, & Hugdahl, 2008).
After the dichotic listening task, participants waited for 
90  s in a quiet position until tDCS terminated. Then, the 
electrode cables were detached from the inner electrode box 
and the two remaining PRESS sequences were carried out. 
One participant with dyslexia was removed from the analy-
sis including dichotic listening data because dyslexia might 
be associated with aberrant hemispheric asymmetry and/or 
performance in the forced attention conditions (Breznitz & 
Misra, 2003; Thomson, 1976).
2.2.5 | Adverse side effects
Side effects were measured with the tDCS Adverse Effects 
Questionnaire (Brunoni et al., 2011) after both sham and real 
tDCS sessions (Appendix S1).
2.3 | Data analysis
SPSS Statistics (version 25) and Statistica (version 13.3) 
were used for statistical analysis.
2.3.1 | Dichotic listening and fMRI
Correctly identified syllables were transformed into accuracy 
rates and subjected to a 2 × 3 × 2 repeated measures ANOVA 
with the within-participants variables Stimulation (real/sham), 
Dichotic Listening Condition (non-forced, forced-right, forced-
left) and Ear (left/right). Similarly for the fMRI group analysis, 
individual contrast images were subjected to a 2 × 3 repeated 
measures ANOVA with Stimulation (real/sham) and Dichotic 
Listening Condition (non-forced, forced-right, forced-left). A 
mean contrast was estimated for illustrating the overall acti-
vation pattern across all conditions and for comparisons with 
earlier studies. This was supplemented with differential and in-
teraction contrasts. For more details regarding preprocessing of 
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fMRI data in SPM12 (https://www.fil.ion.ucl.ac.uk/spm/), see 
Appendix S1. For dichotic listening and spectroscopy data, es-
timated marginal means are provided.
2.3.2 | MR spectroscopy
Water-scaled, tissue-content-adjusted Glx levels from LCModel 
(Appendix S1) were subjected to a 2 × 2 × 2 repeated meas-
ures ANOVA with the within-participants factors Stimulation 
(real/sham), Time (before/after tDCS) and Brain area (DLPFC/
TPC). In four participants, MRS data from one voxel did not 
meet the data quality requirements. To retain the data from 
the other voxel with sufficient quality, we additionally calcu-
lated two Time x Stimulation ANOVAs separately for the left 
DLPFC (n = 35) and TPC (n = 33). For explorative reasons, we 
also ran the aforementioned 2 × 2 × 2 ANOVA with choline, 
creatine, myo-inositol and NAA levels.
2.3.3 | Simulation of electrical field 
during tDCS
Simulation (done in SimNIBS 2.1.2, Simulation of NIBS [non-
invasive brain] stimulation [Version 2.1.2, Software] available 
from www.simni bs.org) of the tDCS electrical field in each 
participant was done based on their real tDCS session. To run 
the model, the electrodes in the simulation were placed over 
the real electrodes on the participants' head model. The simu-
lated electrodes were 5 × 7 cm2, like the real ones, with a 1 mm 
electrode thickness and 3 mm gel. The electric field strength 
(in [V/m]) and the focality (in cubic mm) of the stimulation 
were calculated for the entire cortex and the peak activation 
field (10 mm sphere). For field strength, 99% of the norm of 
the electric field and for focality the gray matter volume with 
an electric field greater or equal to 75% of the peak value are 
reported. Means and SD were calculated.
2.3.4 | Relationship between changes 
in Glx, dichotic listening accuracy, field 
strength, and focality
We computed a normality test for all variables and found 
some with non-normal distribution; hence, Spearman Rank 
correlations were computed between Glx and myo-inosi-
tol levels from before and after real stimulation as well as 
changes in Glx/myo-inositol levels (as calculated with Glx/
myo-inositolpre-tDCS minus Glx/myo-inositolpost-tDCS), sepa-
rately for DLPFC and TPC, with (a) field strength and fo-
cality from the simulation data and (b) the total number of 
correct responses in the non-forced, forced-right and forced-
left condition. All measures were taken from the real tDCS 
session. As tDCS had no significant effect on fMRI data (see 
below), no correlations involving fMRI data were computed.
3 |  RESULTS
3.1 | Simultaneous Dichotic Listening and 
fMRI paradigm
3.1.1 | Dichotic listening behavior
The behavioral data revealed a significant main effect of 
Ear (F(1,30) = 5.63, p = .024, p2 = .158), showing that par-
ticipants reported more syllables correctly from the right 
(M = 45.51 ± 13.86) than the left ear (M = 35.51 ± 10.91). 
There was also a significant Condition*Ear interaction 
(F(1,30) = 40.28, p < .0001, 2p = .573) with a substantial right 
ear advantage in the non-forced and forced-right condition, 
while a left ear advantage emerged in the forced-left condition 
(Figure 3). However, neither the main effect of Stimulation 
nor any interaction involving Stimulation reached signifi-




For the fMRI data, a mean contrast across all variables in 
the ANOVA (Figure  4a) showed activity in the auditory 
F I G U R E  3  Mean accuracy scores (estimated marginal means) 
for dichotic listening. Panel a) Real tDCS stimulation. Panel b) sham 
stimulation.
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cortex and the left DLPFC. Moreover, we found a main ef-
fect of Condition, showing two main significant clusters, one 
in the left cerebral white matter and precuneus (location in 
mm: x = −10 y = −60 z = 52, cluster level: #voxel = 1,739, 
p(FWE)  <  0.001, peak: F(2,186)  =  20.73 p(FWE)  <  0.001) 
and one in the right lingual gyrus and cerebellum exterior 
(location in mm: x  =  10 y  =  −64 z  =  −8, cluster level: 
#voxel  =  285, p(FWE)  <  0.001, peak: F(2,186)  =  21.71, 
p(FWE)  <  0.001; Figure  4b). There was also a significant 
cluster in the forced-right versus forced-left contrast in the 
right lingual gyrus and cerebellum exterior (location in 
mm: x = 10 y = −64 z = −8, cluster level: #voxel = 377, 
p(FWE)  <0.001, peak: T(1,186)  =  6.30, p(FWE)  <  0.001; 
Figure  4c). No significant suprathreshold clusters emerged 
for the main effect of Stimulation or the interaction between 
Conditions*Stimulation (all Ts  ≤  2.66, pFWE-corr  ≥  0.999, 
puncorr ≥ 0.004).
3.1.3 | MR spectroscopy
Glx showed a trend for a Stimulation*Time interaction 
(F(1,31) = 3.35, p = .077, 2p = .098). Glx levels were higher 
after tDCS than before when participants received real tDCS, 
while there was a very minor decrease during sham tDCS 
(Figure  2c). However, exploratory post hoc t-tests (unad-
justed) did not find a significant difference between before 
and after real tDCS (p = .109) and sham tDCS (p = .356). As 
there was no significant three-way interaction (F(1,31) = 0.002, 
p = .961, 2
p
 < .001), this Glx change did not differ between 
left TPC and DLPFC. Except for a main effect of Brain area 
(F(1,31) = 14.19, p = .001, 2p = .314), with higher Glx levels 
in the left DLPFC (M = 11.45 ± 1.47) as compared to the 
left TPC (M = 12.84 ± 1.47), no other main effect or interac-
tion reached significance (all F ≤ 0.367, p ≥.549, 2
p
 ≤ .012). 
Likewise, there were no significant main effects or interac-




None of the other metabolites or parameters (choline, cre-
atine and NAA) showed a significant main effect or interac-
tion involving the factor Stimulation, except for myo-inositol, 
where a Stimulation*Time interaction emerged (F(1,31) = 4.59, 
p  =  .040, 2
p  =  .129). Real tDCS led to an increase from 
M = 5.34 ± 0.53 I.U. to M = 5.47±0.57 I.U., while there was 
a small decrease in sham tDCS from M = 5.40±0.72 I.U. to 
M = 5.29±0.65 I.U., uncorrected post hoc tests showed nei-
ther were significant. The difference between real and sham 
tDCS after stimulation was significant (p = .032).
3.2 | Simulation of electrical field 
during tDCS
The simulated electric field strengths of all participants 
were strongest in the left central sulcus region and Broca's 
area, though with considerable inter-individual differ-
ences (Appendix S1). For the full cortex, the 99% peak 
field was M  =  0.65  ±  0.096  V/m and 75% focality was 
M  =  9,716±2045  mm2. For the Peak, the 99% peak 
field was M  =  0.77  ±  0.144  V/m and 75% focality was 
M = 274±142 mm2.
3.3 | Correlations
Glx levels before/after tDCS as well as Glx changes between 
before/after did not correlate with either dichotic listening 
(all rs ≤ .345, ps ≥ .057) or simulated field strength and fo-
cality (all rs ≤ .234, ps ≥ .197). Similarly, myo-inositol lev-
els before/after tDCS as well as myo-inositol changes did not 
correlate with dichotic listening (all rs ≤ −.271, ps ≥ .140). 
Myo-inositol changes did not correlate with simulated field 
strength and focality (all rs ≤ −.197, ps ≥ .280). There was 
one significant correlation, uncorrected for multiple testing, 
between focality of the simulated field and myo-inositol lev-
els in the TPC before tDCS (r  ≤  −.422, p  ≥  .016), which 
would not withstand Bonferroni correction. All other corre-
lations between myo-inositol levels before/after tDCS with 
focality and simulated field strength were not significant (all 
rs ≤ −.177, ps ≥ .332).
3.4 | Blinding and adverse side effects
When asked after the second session to indicate when they 
received real stimulation, 42% of participants responded 
F I G U R E  4  fMRI activity during dichotic listening. Panel a) 
Contrast across all variables in ANOVA. Panel b) Main effect dichotic 
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incorrectly (blinding data from one participant was missing). 
A binominal test found no statistically significant difference 
from 50% chance level (p = .473), implying that the blind-
ing worked by and large. Results on adverse side effects are 
reported in the Appendix S1.
3.5 | Power analysis
A G*Power analysis (Faul, Erdfelder, Buchner, & 
Lang,  2009) suggests that to obtain a significant 
Time*Stimulation interaction with n  =  32, one would 
need a medium effect size of f = 0.26 (with the settings: 
power = 0.80, α = .05, number of groups = 1, number of 
measurements = 2, corr among rep measures = 0.5, non-
sphericity correction = 1).
4 |  DISCUSSION
The present study aimed to elucidate the underlying mecha-
nisms of tDCS effects with a multimodal approach in areas 
beyond the rather well-researched primary motor/sensory 
cortex (Antal et  al.,  2012; Antonenko et al., 2019; Kim 
et al., 2014; Stagg et al., 2009). We expected a reduced right 
ear advantage/fewer correct responses in dichotic listening 
and increased Glx levels/functional activity in the TPC as 
well as reduced Glx levels/functional activity in the DLPFC 
during tDCS as compared to sham. However, we found no 
effects of tDCS on behavior and functional activity and only 
a trend towards a Glx increase after tDCS. There were only 
very weak correlations between Glx/myo-inositol levels and 
dichotic listening and simulated electrical field parameters, 
if any.
The mean contrast across all dichotic listening fMRI con-
ditions replicated previous findings: Behaviorally, a right 
ear advantage arose that was modulated by instructions to 
focus attention on either the left or right ear stimulus (Bless 
et  al.,  2013; Hugdahl & Hammar, 1997). We further repli-
cated increased functional activity in typical fronto-tempo-
ro-parietal language perception and attention areas (Noort 
et al., 2008; van den Kompus et al., 2012). Crucially, how-
ever, neither dichotic listening performance nor fMRI ac-
tivity was significantly affected by tDCS. The negative 
behavioral performance results are in line with a previous 
study that did not find tDCS effects on dichotic listening 
after anodal and cathodal stimulation over the left auditory 
cortex (D'Anselmo, Prete, Tommasi, & Brancucci,  2015). 
tDCS effects on functional activity during dichotic listening 
have not been investigated before. In the primary motor cor-
tex, tDCS also did not affect fMRI activity but led to reduced 
activity in the adjacent supplementary motor cortex (Antal 
et al., 2011). Finally, while our null findings do not support 
the hypertemporal/hypofrontal model (Hugdahl, 2015), they 
also do not invalidate it.
The weak increase in Glx after tDCS was independent of 
the electrode/brain area. This is inconsistent with findings 
showing increased Glx levels only after anodal stimulation 
(2 mA) of the right parietal cortex (Clark et al., 2011; Hunter 
et al., 2015) or decreased Glx levels only after cathodal tDCS 
(1 mA) of the motor cortex (Stagg et al., 2009). Our finding 
is in line, however, with other studies that failed to detect 
tDCS induced changes in Glx in the primary motor and sen-
sorimotor cortex, posterior superior temporal gyrus and cer-
ebellar cortex at both 1 and 2 mA (Antonenko et al., 2017; 
Dwyer et  al.,  2018; Jalali, Chowdhury, Wilson, Miall, & 
Galea,  2018; Kim et  al.,  2014; Zappasodi et  al.,  2017). 
Another study found increased Glx levels in the striatum 
during tDCS (1 mA) over the left and right DLPFC (Hone-
Blanchet, Edden, & Fecteau, 2016). The inconsistent results 
are likely to arise from differences in stimulation intensity 
and electrode location, for instance. However, spurious find-
ings with small samples also constitute a problem: some 
tDCS/spectroscopy studies have sample sizes around n = 10, 
which is plainly underpowered as recently demonstrated 
(Sanaei Nezhad et al., 2020).
The most parsimonious explanation for the weak dichotic 
listening behavioral, Glx and fMRI effects is that the electric 
current was too low to induce meaningful changes. However, 
there was a significant, electrode-independent increase of 
myo-inositol levels, in line with a previous study (Rango 
et  al.,  2008). Moreover, glutamate changes were reported 
in the sensorimotor cortex (Antonenko et al., 2019) and on 
motor learning in tDCS over primary motor cortex (Naros 
et  al.,  2016) with 1  mA—thus, in principal, lower electric 
field strength than in the present study. Finally, since the cor-
relations between electric field parameters and dichotic lis-
tening performance as well as the MRS measures were either 
non-significant (or would become non-significant if adjusted 
for multiple testing), stronger electric field parameters might 
not have necessarily produced stronger tDCS effects.
Another possibility is test power. Our study has a reason-
able sample size compared to previous studies. We cannot 
conclude that tDCS with the parameters described here has 
no effect at all. However, if it exists, the effect is likely to be 
small (at best medium) according to our power analysis.
A third possibility is that we failed to detect significant 
tDCS effects because the peak of the electric field was be-
tween the two electrodes, and not in the stimulated left 
DLPFC and TPC itself. While this could explain the lack of 
clear Glx-results, it is difficult to reconcile with the signifi-
cant increase of myo-inositol levels in the left DLPFC and 
TPC, and with the fact that we did not observe any changes 
in functional activity in the left central sulcus/Broca's area.
Meta-analyses showed that cathodal tDCS in the DLPFC 
has little effect on cognitive tasks (Dedoncker, Brunoni, 
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Baeken, & Vanderhasselt, 2016) and that the cathode rarely 
induces inhibitory effects in cognitive tasks (Jacobson, 
Koslowsky, & Lavidor,  2012). In the auditory and pos-
terior temporal cortex, performance in dichotic listening 
(D'Anselmo et al., 2015) as well as in reading and naming 
tasks (Westwood et al., 2017) was found to be unaffected by 
tDCS, and anodal stimulation of the posterior superior tem-
poral gyrus did not change Glx levels (Dwyer et al., 2018). On 
the other hand, anodal tDCS over the temporo-parietal junc-
tion had behavioral effects on reality monitoring (Mondino, 
Poulet, Suaud-Chagny, & Brunelin, 2016) and tDCS over the 
DLPFC yields promising findings with respect to depression 
treatment (Mutz, Edgcumbe, Brunoni, & Fu,  2018; Palm, 
Hasan, Strube, & Padberg, 2016). Taken together, the DLPFC 
and TPC can evidently be affected by tDCS, but given the 
considerable body of null findings together with the present 
findings, it seems that at least the posterior temporal-parietal 
region might be less responsive to tDCS than, for instance, 
the primary sensory/motor cortex. This might make tDCS 
treatments targeting posterior temporal-parietal areas more 
challenging (e.g., in schizophrenia or tinnitus).
4.1 | Limitations
Since the structural MR scans were taken with the electrodes 
on, the electrodes were included in the modelling of the elec-
tric field parameters as part of the head. While this affects 
the thickness of skin and skull in the model, it does so for 
all participants and should not meaningfully affect the results 
of the simulation (G.B. Saturnino, A. Thielscher, personal 
communication, April 08, 2019). We placed the MRS voxels 
as closely under the electrodes as possible to measure tDCS 
effects. However, moving the voxel deeper into the brain, es-
pecially in the TPC, would have given better MRS measure-
ments. We further avoided high CSF involvement by adding 
saturation bands, but this does not protect against signal loss 
from participants' movements.
Moreover, whilst the sample size is relatively large for a 
study of this nature, it is still small for correlational work 
and, finally, the effect of stimulation intensity needs further 
elaboration. A recent study (Samani, Agboada, Jamil, Kuo, 
& Nitsche, 2019) showed that at 2 mA the cathode might not 
have an inhibitory but excitatory effect—which is in fact in 
line with our increased Glx levels under the cathode. Thus, 
cathodal stimulation at 1  mA could have yielded different 
results.
In conclusion, we found at best weak effects of tDCS over 
the left DLPFC and TPC on behavior, glutamate, and func-
tional activity. This is unlikely due to insufficient electric 
current but, together with other findings, could reflect that 
the stimulated regions, especially the left TPC, are less sen-
sitive to tDCS than primary sensory/motor areas. Although 
such weak findings are naturally limited in terms of their 
scientific contribution, we still think they are relevant—es-
pecially in the field of brain stimulation, which due to its fast 
growth and popularity is sometimes subject to findings that 
raise replication issues: First, the present study further em-
phasizes that findings from the primary sensory/motor cortex 
cannot easily be generalized to other brain regions. Second, 
it demonstrates that multimodal approaches that combine 
behavioral with multiple neuroscientific assessments are fea-
sible, in principle. Such studies are rare to date, but clearly 
have the potential to deepen our understanding the underlying 
mechanisms of tDCS.
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